Background: Known indole prenyltransferases catalyzed regioselective prenylations at N-1, C-2, C-3, C-4, C-6 and C-7 of the indole ring. Results: Recombinant 5-DMATS was assayed with tryptophan and derivatives in the presence of DMAPP Conclusion: 5-DMATS prenylated indole derivatives at position C-5. Significance: 5-DMATS fills the last prenylation gap of indole derivatives and could be used as a potential catalyst for chemoenzymatic synthesis. Prenylated indole alkaloids represent a group of natural products with diverse chemical structures and are widely distributed in bacteria, fungi, plants, and marine organisms (1,2). Due to their impressive pharmacological and biological activities as drugs or as toxins (1,3), prenylated indole alkaloids attract attention of scientists from different scientific disciplines including chemistry, ecology, biology, pharmacology and biochemistry (1,4-7). These compounds are hybrid molecules containing prenyl moieties derived from prenyl diphosphates and indole or indoline ring from tryptophan or its precursors (1,5). Indole prenyltransferases catalyze the connection of these two characteristic structural features and contribute significantly to the structure diversity of the prenylated indole alkaloids. Significant progress has been achieved for molecular biological, biochemical and structural biological investigations on different prenyltransferase groups including indole prenyltransferases (1, 8, 9) . By the end of October 2011, 20 indole prenyltransferases from bacteria and fungi have been characterized biochemically (1, (10) (11) (12) (13) (14) (15) . These enzymes catalyzed the transfer of prenyl moieties onto N-or C-atoms at the indole ring resulting in formation of "regularly" or "reversely" prenylated derivatives (15). More interestingly, indole prenyltransferases showed usually broad substrate specificity, but catalyzed regiospecific prenylation at different positions of indole or indoline rings (15) (Figure 1 ). For example, CymD from the marine actinobacterium Salinispora arenicola catalyzed the reverse N1-prenylation of L-tryptophan (12), whilst FtmPT2 from the fungus Aspergillus fumigatus (A. fumigatus) the regular N1-prenylation of 12,13-dihydroxyfumitremorgin C (16). Regular and reverse C2-prenylations were observed for FtmPT1 (17) and FgaPT1 (18), both from A. fumigatus, respectively. Prenylations at C-3 of cyclic dipeptides by AnaPT (19) and CdpC3PT (10), both from the fungus Neosartorya fischer, lead to the formation of indoline derivatives with an α-and ß-configured reverse prenyl moiety, respectively. FgaPT2 and its orthologues from different fungi represent the first pathway-specific enzyme in the biosynthesis of ergot alkaloids and catalyzed the regular prenylation of L-tryptophan at position C-4 (3,20). CpaD from Aspergillus oryzae catalyzed regular C4-prenylation as well, but used cyclo-acetoacetyl-L-tryptophan as substrate (21). IptA from a soil bacterium Streptomyces sp. was reported to prenylate Ltryptophan at position C-6 (13) and 7-DMATS from A. fumigatus at position C-7 (22). An additional example of C7-prenyltransferase is CTrpPT from Aspergillus oryzae, which used cyclo-L-Trp-L-Trp as the best substrate (11).
ACLA_031240
belonging to the dimethylallyltryptophan synthase superfamily was identified in the genome sequence of Aspergillus clavatus and overexpressed in E. coli. The soluble Histagged protein EAW08391 was purified to near homogeneity and used for biochemical investigation with diverse aromatic substrates in the presence of different prenyl diphosphates. It has shown that in the presence of dimethylallyl diphosphate (DMAPP), the recombinant enzyme accepted very well simple indole derivatives with Ltryptophan as the best substrate. Product formation was also observed for tryptophancontaining cyclic dipeptides, but with much lower conversion yields. In contrast, no product formation was detected in the reaction mixtures of L-tryptophan with geranyl (GPP) or farnesyl diphosphate (FPP). Structure elucidation of the enzyme products by NMR and MS analyses proved unequivocally the highly regiospecific regular prenylation at C-5 of the indole nucleus of the simple indole derivatives. EAW08391 was therefore termed 5 Prenylated indole alkaloids represent a group of natural products with diverse chemical structures and are widely distributed in bacteria, fungi, plants, and marine organisms (1, 2) . Due to their impressive pharmacological and biological activities as drugs or as toxins (1, 3) , prenylated indole alkaloids attract attention of scientists from different scientific disciplines including chemistry, ecology, biology, pharmacology and biochemistry (1, (4) (5) (6) (7) . These compounds are hybrid molecules containing prenyl moieties derived from prenyl diphosphates and indole or indoline ring from tryptophan or its precursors (1, 5) . Indole prenyltransferases catalyze the connection of these two characteristic structural features and contribute significantly to the structure diversity of the prenylated indole alkaloids. Significant progress has been achieved for molecular biological, biochemical and structural biological investigations on different prenyltransferase groups including indole prenyltransferases (1, 8, 9) . By the end of October 2011, 20 indole prenyltransferases from bacteria and fungi have been characterized biochemically (1, (10) (11) (12) (13) (14) (15) . These enzymes catalyzed the transfer of prenyl moieties onto N-or C-atoms at the indole ring resulting in formation of "regularly" or "reversely" prenylated derivatives (15) . More interestingly, indole prenyltransferases showed usually broad substrate specificity, but catalyzed regiospecific prenylation at different positions of indole or indoline rings (15) (Figure 1 ). For example, CymD from the marine actinobacterium Salinispora arenicola catalyzed the reverse N1-prenylation of L-tryptophan (12) , whilst FtmPT2 from the fungus Aspergillus fumigatus (A. fumigatus) the regular N1-prenylation of 12,13-dihydroxyfumitremorgin C (16) . Regular and reverse C2-prenylations were observed for FtmPT1 (17) and FgaPT1 (18) , both from A. fumigatus, respectively. Prenylations at C-3 of cyclic dipeptides by AnaPT (19) and CdpC3PT (10) , both from the fungus Neosartorya fischer, lead to the formation of indoline derivatives with an α-and ß-configured reverse prenyl moiety, respectively. FgaPT2 and its orthologues from different fungi represent the first pathway-specific enzyme in the biosynthesis of ergot alkaloids and catalyzed the regular prenylation of L-tryptophan at position C-4 (3, 20) . CpaD from Aspergillus oryzae catalyzed regular C4-prenylation as well, but used cyclo-acetoacetyl-L-tryptophan as substrate (21) . IptA from a soil bacterium Streptomyces sp. was reported to prenylate Ltryptophan at position C-6 (13) and 7-DMATS from A. fumigatus at position C-7 (22) . An additional example of C7-prenyltransferase is CTrpPT from Aspergillus oryzae, which used cyclo-L-Trp-L-Trp as the best substrate (11) .
In summary, indole prenyltransferases with regioselectivity for positions N-1, C-2, C-3, C-4, C-6 and C-7 have already been identified and characterized in detail (Figure 1 ). However, a prenyltransferase responsible for transferring a prenyl moiety to position C-5 of the indole ring has not been reported prior to this study. Database searching revealed, on the other hand, the presence of a number of biologically active indole alkaloids carrying a prenyl moiety at position C-5 in nature (Figure 2 ). These compounds include simple prenylated indole derivatives like the antifungal compound 3,5-hexalobine D from the plant Hexalobus crispiflorus (23) or the brominated tryptamine derivative flustramine D from the bryozoan Flustra foliacea (24) . Semicochliodinol A from the fungus Chrysosporium merdarium (25) and petromurin B from the fungus Petromyces muricatus (26) are C5-prenylated indolyl benzoquinones derived from two tryptophan molecules (27) . Semicochliodinol A was reported to inhibit HIV-1 protease (25) . C5-prenylated derivatives were also found for tryptophan-containing cyclic dipeptides like cyclo-L-Trp-L-Ala, e.g. echinulin from Aspergillus strains (28) or tardioxopiperazine A from the fungus Microascus tardifaciens (29) . One relatively large indole alkaloid group are indole diterpenes from Penicillium (30) and other Ascomycetes (31) . The members of this group carry prenyl moieties at C-5 (21-isopentenylpaxilline) (32), C-6, or at both positions (shearinine K) (30) or modified structures thereof.
The discrepancy between the natural occurrence of a large number of C5-prenylated indole derivatives on one hand and undiscovered C5-prenyltransferases on the other hand prompted us to search for such enzymes. In this study, we reported the identification and characterization of the first C5-prenyltransferase of indoles, i.e. 5-dimethylallyltryptophan synthase (5-DMATS) from Aspergillus clavatus (A. clavatus) and its potential usage as catalyst for chemoenzymatic synthesis.
EXPERIMENTAL PROCEDURES
Computer-assisted sequence analysisSequence identities were obtained by alignments of amino acid sequences using the program "BLAST 2 SEQUENCES" (www.ncbi.nlm.nih.gov).
FGENESH from Softberry (www.softberry.com) and the DNASIS software package (Version 2.1: Hitachi Software Engineering, San Bruno, USA) were used for exon prediction and sequence analysis, respectively.
Chemicals-Dimethylallyl diphosphate (DMAPP), geranyl diphosphate (GPP) and farnesyl diphosphate (FPP) were prepared according to the method described for geranyl diphosphate by Woodside et al. (33) (34) For determination of kinetic parameters of DMAPP, L-tryptophan at 1 mM and DMAPP at final concentrations of up to 3 mM were used as substrates. For determination of kinetic parameters of L-tryptophan and derivatives, the assays contained 2 mM DMAPP. Due to difference of solubility in aqueous system, various concentrations were used for aromatic substrates: for 8a and 12a up to 5 mM, for 1a -3a, 7a and 9 -11a up to 2 mM, and for 4a -6a up to 1 mM. The protein concentration was 20 nM (1a), 40 nM (DMAPP) or 200 nM (other substrates) and the incubation time was 30 min (1a), 40 min (DMAPP) or 60 min (other substrates).
Preparative synthesis of enzyme products for structure elucidation-For isolation of the enzyme products, reactions were carried out in large scales (10 ml) containing each of the twelve substrates 1a -12a (1 mM), DMAPP (2 mM), CaCl 2 (5 mM), Tris-HCl (50 mM, pH 7.5), glycerol 0.15 -5% (v/v) and 5-DMATS (1.4 µM). After incubation for 16 h, the reactions were terminated by addition of 10 ml methanol each. After removal of the precipitated protein by centrifugation at 6,000 rpm for 30 min, the reaction mixtures were concentrated on a rotating vacuum evaporator at 30 °C to a final volume of 1 ml before injection onto HPLC.
HPLC conditions for analysis and isolation of the enzyme products-The enzyme products of the incubation mixtures were analyzed by HPLC on an Agilent series 1200 by using a Multospher 120 RP-18 column (250 x 4 mm, 5 µm, C+S Chromatographie Service, Langenfeld, Germany) at a flow rate of 1 ml•min 
NMR spectroscopic analysis and highresolution electrospray ionization mass spectra (HR-ESI-MS)-
1 H-NMR spectra were recorded on a Bruker Avance 500 MHz spectrometer or a JEOL ECX-400 spectrometer. The HSQC and HMBC spectra were recorded with standard methods (35) on the Bruker Avance 500 MHz spectrometer. Chemical shifts were referenced to the signal of CD 3 OD at 3.31 ppm or DMSO-d 6 at 2.50 ppm. All spectra were processed with MestReNova 5.2.2. The isolated products were also analyzed by HR-ESI-MS with a Q-Trap Quantum (Applied Biosystems). Positive ESI-MS data were given in Table S3 in SUPPLEMENTAL DATA.
Nucleotide sequence accession number-The coding sequence of 5-dmats (ACLA_031240) is available at GenBank under the accession number XM_001269816.
RESULTS

Sequence analysis and cloning of 5-dimethylallyltryptophan synthase gene 5-dmats-
In the course of our search for prenyltransferases responsible for prenylation of tryptophan or indole derivatives at position C-5, one putative gene ACLA_031240 from the genome sequence of A. clavatus NRRL1 raised our attention. The deduced gene product EAW08391 consists of 427 amino acids and shares high sequence similarities with C4-prenyltransferases of tryptophan, e.g. 52% identity with FgaPT2 from A. fumigatus (20) To prove the function of EAW08391, the coding region of ACLA_031240, termed 5-dmats in this study, was amplified by PCR from cDNA synthesized from mRNA. The PCR product was cloned via pGEM-T easy vector into pQE70, resulting in the expression construct pYL09. For overproduction of His 6 -5-DMATS, E. coli M15 cells harboring pYL09 were cultivated in TB medium and induced with 0.4 mM IPTG at 22°C for 16 h. A significant band with migration near the 45 kDa size marker was observed on SDS-PAGE of the purified protein (see SUPPLEMENTAL DATA, Figure  S1 ), corresponding to the calculated Mr value of 50,411 for His 6 -5-DMATS. The yield was calculated to be 1.8 mg purified protein per liter of culture. The Mr value of the native recombinant His 6 -5-DMATS was determined by size exclusion chromatography as about 79,000. This indicated that 5-DMATS acted likely as a homodimer.
5-DMATS accepted well L-tryptophan and simple indole derivatives as substrates-Due to the high sequence similarity with tryptophan C4-prenyltransferases mentioned above, Ltryptophan and 17 simple indole derivatives ( Table 1, Table S1 in SUPPLEMENTAL DATA) were incubated with the purified 5-DMATS in the presence of DMAPP (2 mM). These substances included eight tryptophan derivatives with modification at the indole ring and nine at the side chain. The reaction mixtures were incubated with 5-DMATS at a final concentration of 1 µM for 7 h. HPLC analysis was used for monitoring the enzyme product formation. Assays with heat-inactivated protein by boiling for 20 min were used as negative control.
HPLC analysis of the incubation mixtures showed clear product formation for 17 of the 18 tested indole derivatives with L-tryptophan as the best substrate ( Table 1, Table S1 in SUPPLEMENTAL DATA). HPLC chromatograms of incubation mixtures of 12 substrates (1a -12a, Table 1 ) showed clearly the presence of one product peak for each substrate. Similar behavior was also observed for other five accepted substrates (data not shown). Under this condition, L-tryptophan was almost completely consumed and the 11 other substrates (2a -12a) were accepted with total yields between 38% and 91%. Even in the incubation mixtures with 0.40 µM protein for 1 h, the conversion yield for L-tryptophan was calculated to be 95.4% (see SUPPLEMENTAL DATA, Table S2 ).
Inspection of the activities of the tested substances ( Table  1,  Table  S1 in SUPPLEMENTAL DATA) revealed that, with the exceptions for C5-substituted derivatives, all of the substances with modifications by fluoro or methyl group at the indole ring were well accepted by 5-DMATS. These results could indicate the prenylation position at C-5 of the indole rings of the accepted substrates. 5-bromo-DL-tryptophan was not accepted by 5-DMATS. The conversion yields of 5-fluoro-L-tryptophan and 5-methyl-DL-tryptophan at 7.4 and 1.7%, respectively, were significantly lower than those with substitution at other positions of the indole ring. The prenylation of these substances had very likely taken place at other positions rather than C-5 (see DISSCUSSION). Modification at the side chain of tryptophan reduced enzyme activity, especially by shortening the chain length, as in the case of indole-3-acetic acid and tryptamine. In comparison, changes at the amino group such as N-methylation (L-abrine, 7a), replacement by a hydroxyl group (DL-indole-3-lactic acid, 10a) or deamination (indole-3-propionic acid, 11a) showed less influence on the enzyme activity. A previous study (36) showed that the tryptophan C4-prenyltransferase FgaPT2 accepted also tryptophan-containing cyclic dipeptides as substrates. 5-DMATS was therefore also assayed with five such cyclic dipeptides and analyzed on HPLC. It has been shown that these compounds were also substrates for 5-DMATS, but accepted with significantly lower yields (<10%) than most of the simple indole derivatives (see SUPPLEMENTAL DATA, Table  S1 ). Incubations of 5-DMATS with L-tyrosine in the presence of DMAPP or with L-tryptophan in the presence of GPP or FPP did not result in the formation of any enzyme product, even after incubation with 1 µM protein for 24 h (see SUPPLEMENTAL DATA, Table S2 ). Table S4 and Figures S3 -S14) , proving unequivocally the attachment of a regular dimethylallyl moiety to a C-atom (37, 38) . Substrates 2a and 7a -11a are derivatives of L-tryptophan (1a) with modifications at position N-1 at the indole ring or at the side chain. Characteristic signals of the four coupling protons at the indole ring (H-4, 5, 6 and 7) appeared as two doublets and two triplets, all with coupling constants of 7 -9 Hz in the 1 H-NMR spectra of 1a, 2a and 7a -11a (data not shown). In comparison, the two triplets had disappeared in the 1 H-NMR spectra of their enzyme products 1b, 2b and 7b -11b. One additional singlet or doublet with a coupling constant smaller than 2 Hz was observed instead. These changes indicated that prenylations had taken place at position C-5 or C-6. As given in Table 2 , the signals of the remained three protons at H-4, H-5 or H-6 and H-7 in the 1 H-NMR spectra (all taken in CD 3 OD) were found to be in the same order, i.e. (from low to high magnetic field) doublet (1.6 Hz) or broad singlet, doublet (8.3 -8.4 Hz) and double doublet (8.3 -8.4, and 1.5 -1.6 Hz). The singlets for H-2 were found between the doublet (8.3 -8.4 Hz) and double doublet. It is plausible that the structures of these compounds have the same prenylation position. Enzyme products of 1a and 7a with prenylation at position C-6 were reported by Takahashi et al. (13) . The NMR data of 6-dimethylallyl-L-tryptophan and 6-dimethylallyl-L-abrine (also taken in CD 3 OD) differed clearly from those of 1b and 7b, especially in the region for aromatic protons. The aromatic protons in the 1 H-NMR spectra of 6-dimethylallyl-Ltryptophan and 6-dimethylallyl-L-abrine appeared (from low to high magnetic field) in a different order than in the spectra of 1b and 7b, i.e., doublet (7.8 -8.2 Hz), two singlets and double doublet. Therefore, the prenylation position in 1b and 7b must be C-5. This conclusion was also confirmed by interpretation of the 2D-NMR spectra of 1b (in DMSO-d 6 ) and 7b (in CD 3 OD). In the HMBC spectrum of 1b (see SUPPLEMENTAL DATA, Figures S2 and S3), connectivity from δ H 7.32 (1H, br. s, H-4) to C-1' of the prenyl moiety at δ C 34.1 proved unequivocally the attachment of the dimethylallyl moiety to C-5. The signal at δ H 7.32 (1H, s) for proton H-4 was unambiguously confirmed by the detected connectivities between this signal and C-8 at 134.9 ppm as well as C-3 at 109.3 ppm. For 7b, similar phenomena were also observed in the HMBC spectrum (see SUPPLEMENTAL DATA, Figures S2 and S9) . It can be concluded that the prenyl moieties in 1b, 2b and 7b -11b are attached to position C-5 of the indole rings.
5-DMATS catalyzed the regular C5-prenylation at the indole ring-To
Substrate 12a is also a derivative of Ltryptophan with alteration at the side chain. Due to the presence of a double bond between C-10 and C-11, the signal of H-2 was downshifted in 1 H-NMR spectrum to δ H 7.60 (1H, s), in comparison to those of 1b, 2b and 7b -11b between 7.00 and 7.18 ppm. However, the signals for H-4, H-6 and H-7 of 12b appeared in the same order as in the spectra of 1b, 2b and 7b -11b (Table 2) , proving the C5-prenylation in the structure of 12b.
In the 1 H-NMR spectrum of 3b (see SUPPLEMENTAL DATA, Figure S5) two protons at ortho-position and indicated the prenylation at C-5 or C-7. The connectivity from H-6 to δ C 31.4 of C-1' and from δ H 2.55 (3H, s, H-13) of the methyl group at C-4 to δ C 128.9 of C-5 in the HMBC spectrum confirmed the prenylation at position C-5 in 3b (see SUPPLEMENTAL DATA, Figure S2 ). with clearly different coupling constants are caused by the different distances of the protons to fluoro atom at position C-6. In the 1 H-NMR spectrum of enzyme product of 6a, signals for two products 6b and 6c with a ratio of 1.5: 1 were detected. Unfortunately, these two compounds could not be separated from each other. Based on their different contents in the mixture, we were able to identify the major product 6b as C5-prenylated derivative, which is characteristic by the presence of three singlets at δ H 7.14 (1H, br. s), 7.14 (1H, br. s) and 6.69 (1H, br. s) for H-2, H-4 and H-6, respectively. In conclusion, 5-DMATS catalyzed the C5-prenylation of L-tryptophan and simple indole derivatives (Figure 3 ). To best of our knowledge, the structures 1b -12b were not described previously. The structure of 6c could not be unequivocally elucidated in this study. The presence of two doublets with a coupling constant of 8. Incubations with the chelating agent EDTA or without additives were used as controls. In the incubation mixture with EDTA, no decrease of the enzyme activity was observed, in comparison to that of incubation without additives. As observed for other members of the dimethylallyltryptophan synthase (DMATS) superfamily (15, 39) , several divalent metal ions enhanced slightly the enzyme activity of 5-DMATS. For example, the enzyme activities with Ca 2+ and Mg 2+ were found to be 250 and 204% of that without additives, respectively. To study the behaviour of 5-DMATS towards 12 indole derivatives (1a -12a) and DMAPP in detail, kinetic parameters including Michaelis-Menten constants (K M ) and turnover numbers (k cat ), were determined by HanesWoolf and Eadia-Hofstee plots and are given in Table 3 . The reactions catalyzed by 5-DMATS apparently followed MichaelisMenten kinetics. The K M values for DMAPP and L-tryptophan (1a) were found to be 76 µM and 34 µM, respectively, while K M values of 0.10 -1.0 mM were determined for 2a -12a, much higher than that observed for 1a. The turnover numbers were calculated for DMAPP and 1a at 1. 
DISCUSSION
Prenyltransferases catalyze transfer reactions of prenyl moieties from prenyl diphosphates to diverse aliphatic or aromatic receptors including proteins, terpenes, benzoic acids, naphthalenes, flavonoids and indole alkaloids (1, 8, 9, 40, 41) . These enzymes are involved in both primary and secondary metabolism, play an important role in living organisms (42) and contribute significantly to the structure diversity of natural products (43) . Prenylated indole alkaloids represent a large group of natural products, predominantly identified as mycotoxins in Ascomycetes (1,44) . Indole prenyltransferases catalyze transfer reactions of prenyl moieties onto the indole nucleus and are involved in the biosynthesis of diverse natural products, especially mycotoxins (1, 15) . A large number of indole prenyltransferases, mainly belonging to the DMATS superfamily from fungi of Ascomycetes, have been identified in the last years and characterized biochemically (1,10,11) . The members of the DMATS superfamily are soluble proteins, showed usually broad substrate specificity and accepted tryptophan, simple indole derivatives, tryptophan-containing cyclic dipeptides or other indole-containing structures as aromatic substrates and DMAPP as prenyl donor (1, 10, 11) . A few examples of soluble indole prenyltransferases have also been identified in bacteria (13, 45) . One of the important features of indole prenyltransferases is the regioselectivity of their prenylation reactions. With the exception for C-5, diverse indole prenyltransferases for other six positions (N-1, C-2, C-3, C-4, C-6 and C-7) have been identified and characterized (Figure 1) . No enzyme for prenylation at position C-5 of the indole ring was reported prior to this study, although a number of C5-prenylated derivatives have been isolated from different organisms (Figure 2 ) Therefore, there is a need to find enzymes for C5-prenylation at the indole nucleus, so that these enzymes could be better used as tools for chemoenzymatic synthesis of prenylated indole derivatives, or even for synthesis of prenylated hydroxynaphthalenes and flavonoids, which have been very recently described for several members of the DMATS superfamily (46, 47) . In this study, we identified and characterized the first tryptophan C5-prenyltransferase 5-DMATS from A. clavatus, which catalyzes the regiospecific C5-prenylation of indole derivatives and fills herewith the last gap in the search for indole prenyltransferases regarding their prenylation positions. Blast searching in database with 5-DMATS from A. clavatus NRRL1 revealed the presence of three orthologues in the genome sequences of A. oryzae RIB40 (48), A. flavus NRRL3357 (49) and A. otae CBS 113480 (GenBank). Analysis of genes in the genomic region of these prenyltransferase genes in all four strains did not provide any indication for their clustering with genes for secondary metabolite biosynthesis. No C5-prenylated derivative was reported for these fungi. Therefore, their roles in these strains could not be predicted in this study. It seems that these genes are results of redundant copies in the evolution. Nevertheless, considering the low K M values of 34 µM and 76 µM for L-tryptophan and DMAPP, respectively, as well as the high turnover number of 1.1 s -1 (Table 3) , it can be speculated that L-tryptophan and DMAPP are very likely the natural substrates of 5-DMATS in the four fungal strains. Inactivation of these genes in the fungal strains could provide detailed information about their roles in nature, if the genes are expressed and the gene products involved in the biosynthesis of certain substance. Therefore, we tried to detect the production of C5-prenylated indole derivatives by A. clavatus NRRL1. For this purpose, the fungus was cultivated in different liquid media like YME. Culture filtrates and mycelia were extracted with ethyl acetate and methanol, respectively. In the 1 H-NMR spectra of both extracts, no signal for aromatic protons was observed, which could be assigned to C5-substituted indole rings. Signals for prenyl moieties were also absent in their 1 H-NMR spectra (data not shown). This means that C5-substituted indole derivatives were not or only in a very low yield produced by this fungus under the tested conditions. These results could indicate that 5-DMATS is not involved in the biosynthesis of secondary metabolites in A. In addition to 5-DMATS described in this study, several DMATSs using L-tryptophan as natural or best aromatic substrate with different regioselectivity have been studied biochemically in detail, e.g., the 4-DMATS FgaPT2 from A. fumigatus (20) and its orthologues MaPT from Malbranchea aurantiaca (50) and DmaW from a clavicipitalean fungus (51, 52) , the 6-DMATS IptA from Streptomyces sp. SN-593 (13) and the 7-DMATS from A. fumigatus (22) . All of these enzymes catalyzed regular C-prenylation (13, 20, 22, 50, 51 (15) .
As observed for other members of the DMATS superfamily (15, 39) , the enzyme activity of 5-DMATS was enhanced by some metal ions such as Ca 2+ or Mg 2+ . 5-DMATS accepted only DMAPP, but not GPP or FPP as prenyl donor. It showed however, similar to many members of the DMATS superfamily, broad promiscuity towards its aromatic substrates. With the exception for C5-substituted derivatives, the most tested simple indole derivatives with modifications at the indole ring or side chain have been well accepted by 5-DMATS (Table  1,  Table  S1 in SUPPLEMENTAL DATA). It is not surprising that C5-substituted derivatives were poor substrates for a 5-DMATS with a high regioselectivity at position C-5. No product formation was observed for 5-bromo-DLtryptophan, while low conversion yields of 7.4% and 1.7% were detected for 5-fluoro-Ltryptophan and 5-methyl-DL-tryptophan, respectively. These results indicated a limited feasibility of 5-DMATS to prenylate C5-substituted tryptophan derivatives. Similar phenomena were also observed for the tryptophan C6-prenyltransferase IptA, which also accepted 6-methyl-DL-tryptophan as substrate and catalyzed a C7-prenylation (13) . Due to the low amounts, the enzyme products of 5-fluoro-L-tryptophan and 5-methyl-DLtryptophan were not identified in this study. It could be however speculated that prenylation had taken place at another position rather than C-5. We have showed in this study that 5-DMATS prenylated predominantly tryptophan and derivatives at position C-5, but catalyzed occasionally also prenylations at other positions, as observed in the incubation mixture of 7-methyl-DL-tryptophan. Both C5-and C4-or C6-prenylated derivatives were identified in this case (Table S4 ). The acceptance of C5-substituted tryptophan derivatives by 5-DMATS could also be explained by the substrate promiscuity of indole prenyltransferases of the DMATS superfamily, which accepted even hydroxynaphthalenes and flavonoids as substrates and catalyzed C-, O-or both prenylations (46, 47) .
As given in Table 1 , high conversion yields of more than 38% were detected for 12 simple indole derivatives after incubation with 1 µM 5-DMATS for 7 h. NMR and MS analyses proved unequivocally the highly regioselective regular prenylation at C-5 of the indole nucleus in most cases. It can be therefore expected that 5-DMATS could serve as an effective catalyst for chemoenzymatic synthesis of prenylated derivatives in the program of drug discovery and development. Acceptance of tryptophancontaining cyclic dipeptides by 5-DMATS could also be used to increase the structure diversity of prenylated derivatives, although the conversion yields detected in this study were still very low, which could be perhaps improved in the future by mutagenesis experiments.
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